The role of Glu196 in the environment around the substrate binding site of leucine aminopeptidase from Streptomyces griseus  by Arima, Jiro et al.
FEBS Letters 580 (2006) 912–917The role of Glu196 in the environment around the substrate binding site
of leucine aminopeptidase from Streptomyces griseus
Jiro Arima, Yoshiko Uesugi, Misugi Uraji, Masaki Iwabuchi, Tadashi Hatanaka*
Research Institute for Biological Sciences (RIBS), Okayama, 7549-1 Kibichuo-cho, Kaga-gun, Okayama 716-1241, Japan
Received 22 September 2005; revised 27 December 2005; accepted 2 January 2006
Available online 18 January 2006
Edited by Peter BrzezinskiAbstract To investigate the role of Glu196 of leucine amino-
peptidase from Streptomyces griseus (SGAP) in SGAP activa-
tion by calcium and substrate speciﬁcity, we constructed
E196X SGAP by saturation mutagenesis. Most mutations led
to the abrogation of SGAP activation by calcium, and substitu-
tion with Lys led to a marked increase in activity toward Asp-p-
nitroanilide (pNA) and a decrease in that toward Lys-pNA. A
similar result was obtained from the investigation using non-cal-
cium-activated enzyme from Streptomyces septatus (SSAP).
These results indicate that Glu196 of SGAP is associated with
the environment around the substrate binding site besides its role
in SGAP activation by calcium.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Streptomyces1. Introduction
The activities of leucine aminopeptidases (LAPs) are associ-
ated with many biological functions and play an important
role in many pathological conditions [1–4]. Determining the
mechanisms of catalysis is important in light of the potential
for designing new inhibitors acting as pharmaceuticals [5]. In
addition, bacterial LAPs are useful in the preparation of debit-
tered protein hydrolysates in the food industry [6], for the syn-
thesis of pharmaceutical compounds, and as versatile chiral
building blocks because of their broad substrate speciﬁcity,
strict enantioselectivity, and high thermal stability.
The bacterial enzymes, LAPs from Aeromonas proteolytica
and Streptomyces griseus (SGAP) have been extensively stud-
ied as a model for understanding the structure and mechanism
of action of other metallopeptidases of clinical importance.
These LAPs share an overall structural similarity, particularly
as regard to their double-zinc coordinated active center [7–10].
The roles of the two zinc atoms and residues that compose the
active center have been analyzed in detail [10–17]. Therefore,Abbreviations: LAP, leucine aminopeptidase; SGAP, leucine amino-
peptidase from Streptomyces griseus; SSAP, leucine aminopeptidase
from Streptomyces septatus; pNA, p-nitroanilide
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doi:10.1016/j.febslet.2006.01.014the catalytic mechanism of these enzymes is well known,
although little information is available on the mechanism of
substrate recognition.
SGAP is characterized as a calcium-activated enzyme [18–
22]. In the presence of calcium, the SGAP activity toward
Leu-p-nitroanilide (-pNA) is about fourfold higher than that
in the absence of calcium. However, the activity toward Lys-
pNA decreases in the presence of calcium, that is, activation
by calcium correlates with substrate speciﬁcity. Recently, we
have identiﬁed a non-calcium-activated LAP secreted by Strep-
tomyces septatus TH-2 (SSAP) [23], and succeeded in the iden-
tiﬁcation of key residues (Asp173, Asp174 and Glu196) in
SGAP activation by calcium using chimeras of SGAP and
SSAP [29]. In our previous study, we proposed a mechanism
of SGAP activation by calcium. In the absence of calcium,
the side chain of Glu196, which is located in a neighboring ac-
tive site, is oriented toward the side chain of the substrate
(Fig. 1A). Following calcium addition, the direction of the side
chain of Glu196 changes toward calcium, which is located be-
tween 173-AspAsp-174. SGAP activation by calcium is in-
duced by the electrostatic environment change associated
with the directional change of the side chain of Glu196, as
shown in Fig. 1B. Consequently, we predict that Glu196 of
SGAP is associated with substrate speciﬁcity. Asp198 of SSAP
is the residue corresponding to Glu196 of SGAP (Fig. 1C).
In this study, we prepared E196X SGAP by saturation
mutagenesis to investigate its role in substrate speciﬁcity. By
this mutagenesis, the abrogation of SGAP activation by cal-
cium was observed. In addition, the activity toward acidic
and basic aminoacyl-pNAs was markedly changed. A similar
result was obtained for D198X SSAPs, indicating that this res-
idue is important in determining the environment around the
substrate binding site. Furthermore, a comparative kinetic
study of wild-type (WT) and mutant SGAPs was performed,
and the association between the environment around the sub-
strate binding site and substrate speciﬁcity is discussed.2. Materials and methods
2.1. Materials, bacterial strains, and plasmids
Leu-(pNA) and Lys-pNA were purchased from Sigma Chemicals.
Asp-pNA was purchased from Bachem AG. The plasmid pGEM-T
Easy (Promega) was used in the cloning of PCR products. The plas-
mids pET-SGAP:His and pET-SSAP:His [29] were used in expressing
WT enzymes and as a template for mutagenesis. Escherichia coli
JM109 [24] was used as the host strain for general cloning proce-
dures. E. coli BL21 (DE3) was used as the host strain for gene
expression.blished by Elsevier B.V. All rights reserved.
Fig. 1. Proposed mechanism of SGAP activation by calcium. (A) Local 3D structure of SGAP around side chain of substrate in the absence of
calcium. (B) Predicted local 3D structure of SGAP around side chain of substrate in the presence of calcium. The side chain of Glu196 changes to
calcium existing between two Asp residues (173-AspAsp-174). SGAP activation is induced by the electrostatic environmental change associated with
the directional change of the side chain of Glu196. (A,B) The partial enzyme structure is shown using a ribbon diagram. The residues surrounding the
side chain of substrate and the key residues in activation by calcium are demonstrated using a stick model. The atoms of each residue are colored
according to type. The bound substrate is shown in purple. Bound calcium is shown as a yellow ball. (C) Comparison of primary structure around
key residues in activation by calcium between SGAP and SSAP. Residues that are conserved in two sequences are highlighted in black. Residues that
are predicted to be associated with activation by calcium are indicated by black triangle arrows.
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The fragments of a partial sgap gene and a partial ssap gene (about
240 bp of the 3 0-end domain and 300 bp of the internal domain of both
genes) were ampliﬁed using the following primers: 5 0-cgatcggac-
cacgccccgttcaagaacgt-30 and 5 0-ggatccgaggtgggcggttcgccggt-30 for the
ampliﬁcation of the 3 0-end domain of the sgap gene, 5 0-cgatcggaccac-
gcgcctttccagaacgt-3 0 and 5 0- ggatccgacgtggcgctgccgctcagcgaccacaccgc-
acccgcgatggcatc-3 0 for that of the ssap gene, 5 0-ggtaccagcccgacaag-
cacctgcggtt-3 0 and 5 0-cgatcggccgtcgccctcggt(GC)NNgatctc-3 0 for the
ampliﬁcation of the internal domain of the sgap gene, and 5 0-
tctccgcgggccccggcatcaacgacaac-3 0 and 5 0-cgatcggccgtcgccctcgtg(GC)-
NNgacctc-3 0 for that of the ssap gene, in which the underlined regions
represented the PvuI, BamHI, SacII and KpnI sites, respectively, the
bold type letters represent silent mutations, and the capital letters rep-
resent the saturation mutagenesis sites. The PCR products were cloned
into pGEM-T Easy and conﬁrmed by sequencing. The insert fragment
of each plasmid was separated by restriction digestion and gel extrac-
tion. The fragments of the partial ssap gene were ligated into the Sa-
cII–BamHI gap of pET-SSAP:His, and those of the partial sgap gene
were ligated into the KpnI–BamHI gap of pET-SGAP:His.2.3. Preparation of E196X SGAP and D198X SSAP
The E. coli BL21 DE3 strain harboring the constructed plasmid was
cultivated at 30 C for 12 h in 3 ml of LB medium containing 50 lg/ml
kanamycin. The cells were then inoculated into 100 ml of a synthetic
medium [25] and cultivated at 22 C for 12 h. Isopropyl-b-thiogalacto-
pyranoside was then added at a ﬁnal concentration of 0.5 mM, and
cultivation was continued for another 24 h under the same conditions.
The culture supernatant was brought to 80% saturation with ammo-
nium sulfate. The resultant precipitate was dissolved in 10 mM Tris–
HCl containing 1 mM CaCl2 (pH 8.0) and heated at 60 C for
30 min with occasional stirring. After the precipitate was removed,
the solution was dialyzed against 20 mM potassium phosphate buﬀer
(pH 7.0). The dialysate was passed through hydroxyapatite resin
(Bio-Rad) equilibrated with the same buﬀer, and the passed fraction
was pooled and dialyzed against 10 mM Tris–HCl (pH 8.0). The dial-ysate was then loaded onto a Vivapure-Q spin-column (Millipore)
equilibrated with the same buﬀer. The bound protein was eluted with
0.2 M NaCl in 10 mM Tris–HCl (pH 8.0). The eluate was pooled and
dialyzed against 10 mM Tris–HCl (pH 8.0), and the dialysate was used
as the puriﬁed enzyme preparation. The chromatographic behavior,
solubility and stability in storage of the mutants were similar to those
of the WT enzymes. The puriﬁed enzymes were conﬁrmed by SDS–
PAGE under denaturing condition [26].
2.4. Kinetic study
Speciﬁc hydrolytic activities toward various aminoacyl pNA deriva-
tives were determined under the following conditions. To start enzyme
reaction, a substrate solution (32 or 10 mM, 0.1 ml) was added to
0.9 ml of a mixture containing 100 mM Tris–HCl (pH 8.0) and the en-
zyme, and the mixture was incubated at 37 C. The increase in absor-
bance at 405 nm due to the release of p-nitroaniline per minute was
monitored continuously using a U2800 spectrophotometer (Hitachi).
The initial rates of the hydrolytic activities were determined from the
linear portion of the optical density proﬁle (e405 nm = 10600 M
1
cm1 [27]). The eﬀect of pH on the activities was examined at 37 C
in 80 mM sodium acetate buﬀer (pH 4–6.5), 80 mM Tris–HCl (pH
6.5–9.0), and 80 mM sodium hydrogen carbonate buﬀer (pH 9–10.5).
The eﬀect of calcium on the activities was examined in the presence
of 1 mM CaCl2 under the conditions described above. kcat and Km
for aminoacyl-pNA hydrolysis by the enzymes were determined in a
reaction mixture containing 0.1 ml of 1–2000 lg/ml puriﬁed enzyme,
0.1 ml of 1–32 mM substrate, and 0.8 ml of 100 mM Tris–HCl buﬀer
(pH 8.0) under the conditions described above.3. Results and discussion
3.1. Saturation mutagenesis
In our previous study, we succeeded in identifying an impor-
tant residue, Glu196 of SGAP, that is responsible for SGAP
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study that Glu196 is associated with the environment change
around the side chain of the substrate (Fig. 1), and predict that
Glu196 is associated with the substrate speciﬁcity of SGAP. To
investigate the roles of this residue in SGAP activation by cal-
cium and substrate speciﬁcity, we constructed E196X SGAP
by saturation mutagenesis. We used a modiﬁed pET system
[25] to produce mutant enzymes, and SGAP mutants were se-
creted at concentrations of 5–20 mg/l (data not shown).
Although the productions of the enzymes were diﬀerent, as
judged by SDS–PAGE, all the mutants could be puriﬁed as de-
scribed in Section 2 (Fig. 2A).Fig. 2. SDS–PAGE of puriﬁed E196X SGAP and their hydrolytic
activities toward L-Leu-pNA, L-Lys-pNA, and L-Asp-pNA. (A) SDS–
PAGE of puriﬁed E196X SGAP. Samples (1.5 lg of enzymes) were
loaded on a 12% gel. (B–D) Hydrolytic activities of mutants toward L-
Leu-pNA (panel B), L-Lys-pNA (panel C), and L-Asp-pNA (panel D).
Activities were determined in the presence (black bars) or absence
(gray bars) of 1 mM calcium chloride. The values are representative of
three independent experiments. In all cases, the S.D. values are <3% of
the mean.3.2. Eﬀect of mutations on SGAP activation by calcium
To investigate the relationship between SGAP activation by
calcium and mutation, the abilities of all the mutants to hydro-
lyze Leu-pNA and Lys-pNA were assayed with or without cal-
cium. In Leu-pNA hydrolysis, the substitution of Glu196 of
SGAP with basic and hydrophobic residues except methionine
led to the abrogation of SGAP activation by calcium (Fig. 2B).
In addition, in Lys-pNA hydrolysis, a decrease in the activity
following the addition of calcium was not observed in most
of the Glu196 mutants except the WT and E196D SGAPs
(Fig. 2C). These results indicate that the abrogation or sup-
pression of SGAP activation by calcium is caused by the loss
of negative charge of the residue positioned at 196. However,
there is an exception; the Met mutant maintains its property
of SGAP activation by calcium, although the cause of this phe-
nomenon remains unclear.3.3. Eﬀect of mutations on substrate speciﬁcity
The activities of E196X mutants toward aminoacyl-pNAs
were investigated. Compared with the WT SGAP, Leu-pNA
hydrolytic activity in the absence of calcium increased in four
SGAP variants (Gly, Ala, Ser, and Thr mutants), and a 2–3-
fold decrease in such an activity was observed in 10 SGAP
variants (Fig. 2B). This result seems to be due to the environ-
mental change around the side chain of the substrate induced
by the mutation.
A marked eﬀect of mutation was observed in the hydrolysis
of Lys-pNA and Asp-pNA (Fig. 2C and D). In most of the mu-
tants, the mutation resulted in about a 2.5–120-fold decrease in
Lys-pNA hydrolytic activity. Only the activity of E196D
SGAP was sixfold higher than that of the parental enzyme.
In contrast, Asp-pNA hydrolytic activity increased in nine
SGAP variants; in particular, the Lys and Arg mutants showed
60- and 18-fold higher activities than the WT, respectively.
Although the above-mentioned activities were lower than that
toward Leu-pNA, the diﬀerence in hydrolytic activities toward
those charged substrates among the SGAP variants was much
higher than that toward Leu-pNA.3.4. Investigation of substrate speciﬁcity using mutants of non-
calcium-activated LAP
SSAP is characterized as a non-calcium-activated enzyme,
and the primary structure of SSAP shows a 71% identity with
that of SGAP [23]. Asp198 of SSAP is the residue correspond-
ing to Glu196 of SGAP. To conﬁrm the same eﬀect of muta-
tions as that observed in E196X SGAP, we constructed
D198X SSAP by saturation mutagenesis, and investigated
the eﬀect of mutation on its hydrolytic activity. The mutation
of SSAP showed a similar eﬀect on Leu-pNA hydrolysis to that
of SGAP (data not shown).
We show the activities of WT, D198E, and D198K SSAPs to-
ward Leu-, Lys- and Asp-pNAs and compare them with those
of SGAP variants in Fig. 3. SSAP also showed that mutation
resulted in a marked decrease in Lys-pNA hydrolytic activity
in most of the mutants. Only D198E SSAP had a higher activity
than the WT (Fig. 3C). Furthermore, similar to E196K SGAP,
the Lys mutant showed 110-fold higher activities than the WT
toward Asp-pNA (Fig. 3D). The Arg mutant also showed 28-
fold higher activities than the WT (data not shown).
From these results, it is considered that deletion of the neg-
ative charge of Glu196 of SGAP and Asp198 of SSAP induces
Fig. 3. Hydrolytic activities of SSAP and SGAP variants toward L-Leu-, L-Lys-, and L-Asp-pNA. (A) SDS–PAGE of puriﬁed WT, D198E (E), and
D198K (K) SSAPs. Samples (1.5 lg of enzymes) were loaded on a 12% gel. (B–D) Hydrolytic activities of mutants toward L-Leu-pNA (panel B), L-
Lys-pNA (panel C), and L-Asp-pNA (panel D). The values are representative of three independent experiments. In all cases, the S.D. values are <3%
of the mean.
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aminoacyl-pNA, resulting in a decrease in hydrolytic activity.
In contrast, in the acidic aminoacyl-pNA hydrolysis by the
Lys or Arg mutant, it is considered that the formation of the
ion bridge between the side chain of the substrate and that
of substituted residue leads to a marked increase in activity.
These considerations indicate that Glu196 of SGAP and
Asp198 of SSAP have roles in determining the electrostatic
environment of the substrate binding site.
3.5. Eﬀect of pH on hydrolytic activity
To obtain information on the ionizable groups involved in
the formation of an ion bridge, the activities toward Leu-,Fig. 4. Eﬀect of pH on activities of WT and mutant enzymes toward L-Le
variants. (B) Eﬀect of pH on activities of SSAP variants. The reaction was pe
Tris–HCl buﬀer (pH 6.5–9.0), and 80 mM sodium hydrogen carbonate b
determined at a ﬁnal substrate concentration of 3.2 mM. The values are aveLys- and Asp-pNAs were determined at pH between 4 and
10.5. Fig. 4 shows the eﬀect of pH on the initial velocities of
the parental and mutant enzymes using respective substrates.
Some of the SGAP variants showed diﬀerent shapes from
the WT. Lys-pNA hydrolysis by E196D SGAP and Asp-
pNA hydrolysis by E196K SGAP showed higher activities
than those of the WT. However, the pH ranges of all curves
were the same. In contrast, the curves of the SSAP variants
show a diﬀerence in pH range. In Leu-pNA hydrolysis, wide
curves were observed in the WT and D198E SSAPs (pH 6.0–
10.5) (Fig. 4B top panel). The curves for Lys-pNA hydrolysis
by these enzymes were narrower than those for Leu-pNA
hydrolysis. The pH ranges of the WT and D198E SSAPs wereu-, L-Lys-, and L-Asp-pNA. (A) Eﬀect of pH on activities of SGAP
rformed at 37 C in 80 mM sodium acetate buﬀer (pH 4.0–6.5), 80 mM
uﬀer (pH 9.0–10.5). The rate of substrate hydrolysis (velocity) was
rage of three independent experiments ±S.D.
Table 1
Kinetic parameters for WT, E196D and E196K SGAPs
Substrate SGAP variant kcat (s
1) kcat relative
to WT
Km (mM) Km relative
to WT
kcat/Km
(mM1 s1)
kcat/Km relative
to WT
L-Leu pNA WT SGAP 149 ± 6.6 1 2.51 ± 0.13 1 64.7 1
E196D SGAP 148 ± 5.9 0.99 2.29 ± 0.11 0.91 67.7 1.05
E196K SGAP 35.0 ± 3.2 0.23 3.36 ± 0.22 1.34 11.1 0.17
L-Lys pNA WT SGAP 5.66 ± 0.88 1 5.83 ± 0.89 1 1 1
E196D SGAP 15.8 ± 2.1 2.79 2.55 ± 0.15 0.44 6.21 6.21
E196K SGAP N.D. – N.D. – N.D. –
L-Asp pNA WT SGAP 0.033 ± 0.010 1 4.98 ± 0.46 1 0.0066 1
E196D SGAP N.D. – N.D. – N.D. –
E196K SGAP 4.43 ± 0.33 134 13.9 ± 3.3 2.79 0.3 45.5
Km and kcat values were calculated from a non-linear regression ﬁt to the Michaelis–Menten equation, using initial estimates from the double-
reciprocal plots. The values are expressed as the means ± S.E. of three independent experiments. N.D., not detectable.
916 J. Arima et al. / FEBS Letters 580 (2006) 912–917between 7.5 and 10.0 (Fig. 4B middle panel). A similar curve
was obtained in Asp-pNA hydrolysis by D198K SSAP; the
pH range was slightly shifted to the acidic side (pH 7.0–9.0)
(Fig. 4B low panel). From these results, we speculate that
the formation of the ion bridge between the residue 196 of
SGAP or 198 of SSAP and the substrate aﬀects the pH depen-
dence of hydrolytic activity. That is, in such pH ranges, the
side chain of the substrate tends to form an ion bridge with
the residue, and the formation of an ion bridge leads to an in-
crease in hydrolytic activity.
3.6. Kinetic study
We also characterized the kinetics of the WT, E196D and
E196K SGAPs; the results are summarized in Table 1.
Although the catalytic eﬃciency toward Leu-pNA of E196D
SGAP was hardly aﬀected by mutation, the catalytic eﬃciency
toward Lys-pNA became 6-fold higher than that of the WT
SGAP. However, this mutation resulted in the loss of activity
toward Asp-pNA. In contrast, the Lys mutant displayed a cat-
alytic eﬃciency toward Asp-pNA approximately 45-fold high-
er than that of the parental enzyme. This result shows that the
eﬀect of the mutation on Asp-pNA hydrolysis is mostly on kcat
(134-fold higher than the WT) and not on Km (2.8-fold higher
than the WT). Furthermore, E196K SGAP also displayed a
marked decrease in catalytic activity toward Leu-pNA and
Lys-pNA, indicating that the change of the environment
around the substrate binding site aﬀects catalytic activity more
strongly than substrate binding.
From the results of our investigations, it is considered that a
subtle orientation shift of the bound substrate results from the
change of the environment around the substrate binding site
by the mutations. This shift leads to a change in the distance
between the substrate and the catalytic residues (Glu131 and
Tyr246 of SGAP [17]), resulting in a change in catalytic activ-
ity. We consider that SGAP activation by calcium is associated
with a similar orientation shift of the bound substrate due to
the directional change of the side chain of Glu196. Further-
more, in E196K SGAP, it is considered that an ion bridge
was formed between the side chain of the substrate and that
of the substituted residue. It is thought that activity with
Asp-pNA is enhanced by a suitable distance because of the for-
mation of an ion bridge, that is, this formation of an ion bridge
is a factor in the enhancement in catalytic activity. This consid-
eration is valid as regards the activity of E196D SGAP toward
Lys-pNA.In this study, we succeeded in changing substrate speciﬁcity
by introducing diﬀerent electrostatic environments around the
side chain of the substrate in LAP. The results of this work
show that the charge of the side chain of Glu196 of SGAP
(and Asp198 of SSAP) is important in substrate speciﬁcity, be-
sides SGAP activation by calcium. We consider that this infor-
mation is important for understanding the environment
around the substrate binding site of this class of enzymes of
clinical and industrial importance. Recently, we have identiﬁed
another residue of LAP, a Phe residue that corresponds to
Phe219 of SGAP, which interacts with the side chain of the
N-terminal residue of substrates [28]. Thus, several residues
surrounding the side chain of the substrate may be associated
with substrate speciﬁcity. Further studies of the roles of the res-
idues surrounding the side chain of the substrate may shed light
on the molecular basis of enzyme and substrate speciﬁcities.References
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